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Abstract

This paper illustrates the application of continuous wavelet
transform (CWT) for fault location in combined overhead
line and cable distribution networks. The high frequency
transient signals originated by faults are analyzed using
CWT. The transient voltage waveform of faults is recorded
at the certain measuring point. This method is based on the
relationship between typical frequencies of the CWT signal
energy and certain paths in the network passed by the
travelling waves produced by faults. Due to this relationship,
determination of the continuous frequency spectrum of fault
transients in the form of signal energy is necessary and using
characteristic frequencies directly related to the previously
mentioned paths finally results in fault location.

The IEEE 34-bus test distribution network is completely
simulated in EMTP-RV and the CWT analysis of transient
signals is implemented in MATLAB.

1. Introduction

The reliability of distribution networks has been one of the
most important issues of power industries in recent years. The
amount and duration of short and long interruptions depend on
the annual number of faults and on the relevant restoration
times. In order to minimization of restoration times, the ability
to calculate the accurate fault location is absolutely crucial [1].
The review of fault location approaches in distribution networks
demonstrates the gravity of this subject in the literatures to
maintain service continuity utmost. These techniques generally
categorize into the following items:

1) Impedance measurement (e.g., [10]-[12]);

2) Analysis of fault transient signals.

Furthermore, the combination of neural networks and fault
location methods has been also presented (e.g., [13]-[15]).
Especially a methodology based on neural networks is proposed
as a fault locator in power distribution lines. The main feature
for training the artificial neural network is energy percentage in
each level of the decomposed transient voltage signal obtained
by a wavelet filter [9]. Impedance measurement-based methods
rely essentially on the analysis at fundamental power frequency
of voltage and current fault signals. These techniques are so
functional in transmission lines due to their significant line
length and simple network topology. Using these impedance
measurement methods may decrease the location accuracy in a
multi branched radial configuration. Recently, a novel fault
location algorithm for overhead distribution networks giving an
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integrated solution that omits or reduces iterative procedures,
effective on all types of faults based on the bus impedance
matrix has been presented [16]. On the other hand, travelling
wave methods measure high frequency components of a signal
by applying the complex signal analysis techniques. They
analyze the high frequency components of fault transients,
which are relatively independent of the fault type and impedance
[7]. These methods considering the discrete wavelet transform
as a signal analysis technique have been already proposed in
distribution networks (e.g., [17], [8]). The integrated time-
frequency wavelet decompositions of the voltage transients
originated by the fault travelling waves have been also used in
distribution systems. Moreover, the proposed analysis of time-
frequency wavelet decompositions improves the identification
accuracy of the frequencies associated to the characteristic
patterns of a fault location in comparison to a sole frequency-
domain wavelet analysis [6].

The method will be discussed later in this paper belongs to the
second above mentioned category. Voltage waveform transients
of the low voltage terminals of the transformer feeding the
distribution network are recorded and analyzed using continuous
wavelet transform (CWT). The continuous wavelet analysis is
aimed at identifying characteristic frequencies associated to the
faulted branch and to the fault location. In this paper, the
Morlet-wavelet, one of the several traditional mother wavelets
presented in the literature has been used (e.g., [18]-[19]). It is
worth noting that, the mother wavelet of CWT can be chosen
arbitrarily on condition that it satisfies the so-called
“admissibility condition” [4].

2. Proposed combined theoretical approach

As known, the fault transient signals have time-variant
characteristics with a continuous spectrum in the frequency
domain. Consequently, using traditional transforms, such as fast
Fourier transform (FFT) is absolutely inadequate for detecting
the characteristic frequencies. Conversely, the wavelet transform
allows the adjustment of the signal spectrum versus time. As a
result, the continuous wavelet transform is an appropriate signal
analysis tool for identification of the characteristic frequencies.
Considering a radial distribution network topology, a definite
number of paths can be seen from measurement point where the
voltage waveform is recorded. Adding the number of network
laterals and the number of feeder lateral junctions gives the
number of above mentioned paths. As an example, figure 1
illustrates a portion of the IEEE 34-bus test distribution network
which is completely simulated as a case study.
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Fig. 1. Identified paths in a portion of the IEEE 34-bus test
feeder caused by a fault between buses 812 and 814.

As it can be seen from fig. 1, there are four different paths
covered by travelling waves but path number 2 is independent of
observation point. Each path can be associated to a number of
characteristic frequencies, one for each of the travelling wave
propagation modes [20], [21]. Assume that the network
configuration and the travelling wave of the various propagation
modes are known, frequency f;,; of mode i through path p can be

calculated as
v
fp,i = : (€]

nyly

where v; is the travelling velocity of the ith propagation
mode, L, is the length of the pth path and #, (¢ N) is the number
of times needed for a given travelling wave to move along path
p before attain again the same polarity. p-/ values are used to
assess the faulted section and the last one to determine the fault
distance between observation point and fault location. The
reflection coefficient of the travelling waves in the network
according to the extremities considered as follow:

- Extremities with a power transformer connection can be
treated as open circuits, therefore, the relevant reflection
coefficient is close to +1;

- Extremities associated to a junction between more than
two lines have a negative reflection coefficient;

- The reflection coefficient of the extremity in the fault
location is close to -1; because the fault impedance is
lower than the line surge impedance.

The coefficient n, depends on the sign of the reflection
coefficients of the two path extremities; indeed 7, is equal to 2
or 4 if the reflection coefficients have the same or opposite sign,
respectively.

Combined networks which comprise overhead lines and
cables encounter different propagation velocities due to the
different characteristics of two environments. The proposed idea
is the calculation of an equivalent frequency associated to a
certain path. As an instance, considering a path includes two
sections (line and cable), the theoretical equivalent frequency
according to equation 1 is as follow
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where

- Jeqp.i1s the equivalent frequency of mode 7 through path p;

- f1pi18 the line frequency of mode i through path p;

- fcp,i 1s the cable frequency of mode i through path p;

-npr, Ly, vigand n, o, Ly, ¢, v;c are the same parameters as

equation 1 for the line and cable sections, respectively.

The equation 2 can be easily extended to a general formula
which involves a path includes m line and » cable sections.
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3. Transient signals processing procedures

As previously mentioned, the identifying of characteristic
frequencies must be performed by using appropriate signal
analysis tools that allow the adjustment of the signal spectrum
versus time. Generally, time frequency representations (TFRs)
are the signal analysis techniques that link a one-dimensional
time signal x(#) to a bi-dimensional function of time and
frequency 7y(2,/).

The numerical implementation of the CWT applied to the
analyzed part s(?) of the recorded signal x(z), which in our case
associates to a first portion of the recorded voltage fault
transient, gives a matrix C whose element are

N-1
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where:

- T, is the sampling time and N is the number of recorded
samples of s(2);

- a is the so-called scale factor;

- b=i.T,is the so-called time shifting factor and i is an integer
value.

- p(a,b)” is the complex conjugate of the so-called daughter
wavelet ¢, which is a time translated and scale expanded or
compressed version of a finite energy function ®(z), called a
mother wavelet.

Finally, coefficients C(a,b) represent a bi-dimensional
function of time and frequency.

The sum of the squared values of all coefficients associated
to the same scale, which are called CWT signal energy,
illustrates a so-called “scalogram” which provides the weight of
each frequency component [22].
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Energy spectrum of the fault transient signal has high density
around the path characteristic frequencies. Therefore, the
detection of characteristic frequencies relevant to the fault
location is performed by inspecting the relative maximum peaks
of the obtained scalogram. For each fault location, some
theoretical frequency values are calculated as a function of the
length of the path passed by the travelling waves, of the
propagation velocities along the overhead lines and cables and
of the type of reflections. As known, the admissibility condition
for choosing a mother wavelet is
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which is satisfied by the two following conditions:

- Mean value of ¢(?) equal to zero;

- Fast decrease to zero of ¢(z) for t — Foo.

Comparing the theoretical characteristic frequency values
and the CWT identified frequencies give us useful information
about the fault location.

4. Case study 1: Balanced solid faults

The proposed fault location approach is applied to the case of
a three-phase balanced solid fault at bus 812 of the IEEE 34-bus
distribution network simulated in the EMTP-RV environment.
The simulation sampling period of the EMTP model is equal to
0.2 psec. Locating the observation point m at bus 800 (the
medium voltage side of the feeding transformer) and the fault at
bus 812, three travelling waves exist in the fault transient signal.
They are characterized by a common path-terminal, bus 800,
and other three path-terminals corresponding to buses 812 (path
1), 808 (path 2) and 810 (path 3). The first section of fig. 2
shows the fault voltage transient waveform of the propagation
mode 1 observed at bus 800 of the IEEE 34-bus distribution
system for a three-phase solid fault at bus 812, the second
section illustrates the so-called Morlet-wavelet which has [-4 4]
as effective support and the last section represents results of the
CWT analysis of the mode 1 of the voltage transient signal. The
values of the CWT signal energy are in per-unit with respect to
the maximum. From fig. 2, the CWT is able to detect the
frequencies associated to paths number 1 and 3. The frequency
of path number 2 is hidden by the other frequency due to the
large filter amplitude related to the adopted mother wavelet. The
relevant results are shown in table 1.

Back to equation 5, the CWT signal energy is expressed as a
function of scales. A probable question is that “How does one
map a scale, for a given wavelet and a sampling period, to a kind
of frequency?”

The answer can only be given in a broad sense and it is better
to talk about the pseudo-frequency associating to a scale. A way
to do it is to calculate the center frequency, Fc, of the wavelet
and using the following relationship [25].

F.
F, = 7
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where

- ais ascale;

- 4 is the sampling period;

- F. is the center frequency of a wavelet in Hz;

- F, is the pseudo-frequency corresponding to the scale a, in
Hz.

The location error is defined as
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where L, is the length of path p* between the observation
point and fault location, v;is the propagation velocity of mode 7,
ny« is equal to 4 and f1//" is the CWT identified frequency
corresponded to path p* [3].
To be guaranteed the CWT backward transformation (equation

9), i.e., the signal reconstruction, choosing the number and

spacing of scale a along with the choice of the mother wavelet,
should satisfy the so-called orthogonality condition (e.g., [24]),
which is
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Table 1. Theoretical and CWT-identified characteristic
frequencies relevant to the propagation mode 1 for a three-phase
solid fault located at bus 812 of fig. 1.

Path . . CWT
Theoretical frequencies | . .
length : identified
Path Jp.i (propagation of
n,L, model) (kHz) frequency
(km) (kHz)
800-812 | 4x22.57 3.29 3.98
800-808 | 4x11.14 6.68 -
800-810 | 2x12.92 11.52 10.13

Fault voltage transient

2
Time (s)
Mother Wavelet

0

Amplitude (pu)

0 :
0 02 04 06 08 1

Frequency (Hz) v 10"

12 14 16 1.8 2

Fig. 2. Fault voltage transient, Morlet-wavelet and relevant
CWT signal energy of the IEEE 34-bus test distribution network
with a fault located at bus 812.

The CWT used in the proposed fault location method does
not need to satisfy the orthogonality condition which is essential
if time-domain fault location approaches (e.g., [7], [8]), based
on reconstruction of the fault transient signal related to each
characteristic frequency, were adopted. As another example, for
a three-phase solid fault located at bus 814 of the IEEE 34-bus
test distribution system, the relevant CWT signal energy is
shown in fig. 3 and the characteristic frequencies are reported in
table 2. In order to simplicity: 1) all the branches of the network
are modeled by overhead lines. The conductor configuration is
the “ID #500” according to [23, Fig. 1]; 2) the network loads are
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assumed located in the line terminations. The power distribution
transformers are modeled by means of the 50 Hz parallel
standard model and a IT of capacitances aimed at representing,
in a first approximation, its response to the transients at the
frequency range around 100 kHz, as shown in fig 4.

Table 2. Theoretical and CWT-identified characteristic
frequencies relevant to the propagation mode 1 for a three-phase
solid fault located at bus 814 of fig. 1.

Path . . CWT
Theoretical frequencies . .
length . k identified
Path Jpi (propagation of
n,L, model) (KHz) frequency
(km) (kHz)
800-814 | 4x31.63 2.35 3.02
800-808 | 4x11.14 6.68 7.24
800-810 | 2x12.92 11.52 -

CWT signal energy
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Fig. 3. CWT signal energy of the IEEE 34-bus test distribution
network with a fault located at bus 814.
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Fig. 4. Transformer model implemented in EMTP

The parameters of the 50 Hz parallel standard transformer
models are as follow:

5 MVA 150/24.9 kV V,=9% for the substation;
1 MVA 24.9/0.4 kV V,=4% for the loads and,
2.5 MVA 24.9/24.9 kV V=8% for the regulators.

A constant parameter line model (CP-line model) has been
used for the overhead lines. Table 4 shows the modal parameters
of the CP-line model referring to the considered overhead line
configuration. The modal parameters are calculated for the
frequency of 1 kHz and ground resistivity equal to 100 Qm.

5. Case study 2: Combined distribution networks

To verifying the application of the proposed algorithm for
fault location in combined overhead line and cable distribution
networks, the line between buses 808 and 810 is replaced by a
typical distribution cable (with the same size and length) in the
relevant EMTP-RV model. In this case the three-phase solid
fault is located at bus 810. The CWT and theoretical
characteristic frequencies for both case studies are shown in
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table 3. The CWT signal energy of the IEEE 34-bus test
distribution system for the fault located at bus 810 in cases
number 1 and 2 are shown in fig. 5 and 6, respectively.

Table 3. Theoretical and CWT-identified characteristic
frequencies relevant to the propagation mode 1 for a three-phase
solid fault located at bus 810 of fig. 1.

Path Theoretical CWT
Case length frequencies f,, ; identified
Path N
No. n,L, (propagation of frequency
(km) model) (kHz) (kHz)
1 800-810 | 4x12.91 5.76 6.99
4x11.14
2 800-810 4x1.77 5.45 6.76

CWT signal energy
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Fig. 5. CWT signal energy of the IEEE 34-bus test
distribution network with a fault located at bus 810 applied in
case study number 1.
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x 10°
Fig. 6. CWT signal energy of the IEEE 34-bus test
distribution network with a fault located at bus 810 applied in
case study number 2.
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It can be observed that the characteristic frequency obtained
by the case study number 1 is higher than case study number 2,
due to different velocities between two environments (overhead
lines and cables) as described in section 2.

Table 4. Modal parameters calculated at 1 kHz and ground
resistivity equal to 100 Qm for propagation mode 1.

R L C Z Pro;);egeaélon
(Q/km) (mH/km) (uF/km) Q) (kms)
0.136 0.908 1.243x107% | 270.27 2.976x10°

6. Conclusion

An effective fault location algorithm for combined overhead
line and cable distribution networks has been presented which is
based on the CWT analysis of high frequency components of
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transient signals associated to the travelling wave phenomena
occurring after a fault event. Principally, due to the fact that
traditional mother wavelets do not have ability to identify all the
characteristic frequencies of the travelling waves originated by
faults, coupled with the relevant path, associated to a specific
fault location, finding an appropriate mother wavelet would be
crucial. Additional research activities will be devoted to improve
the accuracy of the proposed algorithm by definition of a
transient inferred mother wavelet with maximum similarity to
the fault transients. Further studies involve some external
factors, type of faults, their impedance and position, type of
lines and cables, junctions, jumpers and many other accessories
in distribution networks.

7. Appendix

The configuration of overhead line and cable simulated in
EMTP-RYV are shown in fig. 7.
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Fig. 7. Configuration of the a) overhead line and b) cable.
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